An Au film modified by vanadium pentoxide (V 2 O 5 ) has been investigated as the anode for injecting holes in organic light-emitting devices (OLEDs). It is found that OLEDs with the V 2 O 5 modified Au anode have much lower driving voltages and much higher current efficiencies (four times higher) as compared with the OLEDs with bare Au as anode. The results of ultraviolet photoelectron spectroscopy and UV-visible spectrometer analysis indicate that the Au anode treated by V 2 O 5 has a smaller barrier height and thus facilitates hole injection, apart from a high optical transparency of Au/V 2 O 5 . For the OLEDs with Au/V 2 O 5 anode, the driving voltage is decreased by 13 V and the maximum current efficiency (4.1 cd A −1 ) is four times higher as compared with that of the bare Au anode device (∼0.9 cd A −1 ). The OLEDs with Au/V 2 O 5 anode also have about 1.4 times higher efficiency than that of the OLEDs (∼2.8 cd A −1 ) with ITO/V 2 O 5 anode.
Organic light-emitting devices (OLEDs) have attracted much interest due to their potential applications in flat panel displays [1, 2] .
Conventional bottom-emitting OLEDs typically uses indium tin oxide (ITO) as an anode because of its high conductivity and transparency. However, the work function of ITO glass is known to vary dramatically depending on the surface treatment. ITO generally also requires postannealing with temperatures >200
• C after deposition, which might prevent its uses in flexible plastic substrates in a rollto-roll-type fabrication process. The typical conductance of ITO is in the range (1.5-5) × 10 3 −1 , [3] [4] [5] , which is two orders of magnitude lower than that of the typical metals. Typically, for the ITO with a thickness of 100 nm, the sheet resistance is 20-80 / . The large resistance will result in a large voltage drop in ITO [6] . Although lower sheet 3 Currently visiting the University of Hong Kong. 4 Author to whom any correspondence should be addressed. resistance can be obtained by increasing ITO thickness, a thick layer will increase the optical waveguide modes in the layer, which leads to a lower efficiency coupled to the outside environment [7] . Thus, many high work function metals such as Ag and Au [8, 9] have been studied for the possibility of replacing ITO as the anode material. The reports generally conclude that the performance of OLEDs using metal anodes without any pretreatment is poorer than that of OLEDs using ITO anodes. As we will present in this letter, one of the problems of the metal anodes is that the hole-injection properties of the metal/organic interface is poor due to the presence of interfacial dipoles at the metal/organic interface. Many methods similar to the treatment of ITO have been used to treat the surface of metal such as plasma polymerized fluorocarbon films, fullerene ultraviolet-ozone cleaning and oxygen plasma exposure to enhance hole injection [8] [9] [10] [11] by lowering the interfacial barrier. Metal oxides with a high work function, such as AgO x [12] , NiO x [13] , have been proven to be good modification layers for the anode of OLEDs. V 2 O 5 is a p-type semiconductor [14] with a high work-function value of above 5.4 eV [15] .
In this letter, a thin oxide layer V 2 O 5 is deposited to modify the Au anode and offer a high work function (5.2 eV) for more efficient hole injection and sequentially improve the emission efficiency. Ultraviolet photoelectron spectroscopy (UPS) analysis indicates that the higher work function of V 2 O 5 (as compared with Au) leads to an increase in Au surface band bending. Thus, the barrier for holes injection from the anode to the hole transport layer (HTL) of 4, 4 - 
The results show that the performance of OLEDs with the V 2 O 5 layer treated Au is greatly improved as compared with those OLEDs using bare Au as the anode. In addition, the Au/V 2 O 5 OLEDs perform better than the OLEDs with ITO anode modified by V 2 O 5 .
The OLEDs were fabricated in a chamber at a pressure less than 3 × 10 −4 Pa without any vacuum break. To fabricate the device, a patterned 14 nm thick Au film was first deposited on a glass substrate through a shadow mask at the rate of ∼0.1 nm s −1 followed by depositing V 2 O 5 . The organics and metal oxide were evaporated at a rate in the range 0.3-0.4 nm s −1 . LiF/Al was used as the efficient electrons injection cathode. Al was evaporated at the rate of ∼0.3-0.5 nm s −1 . The devices had emissive areas of 3.57 mm 2 . The organic structure consisted of 70 nm of NPB as HTL, 50 nm of (tris(8-hydrooxyquinoline) aluminium(III) (Alq 3 ) as the electron transport layer and emissive layer.
For comparison, a control device with the same layer structures except the anode was replaced by ITO/V 2 O 5 . The sheet resistance of ITO we used was 20 / . The ITO substrate (glass) was cleaned and treated by ultraviolet-ozone. Another control device using as-deposited Au without V 2 O 5 modification as the anode was also fabricated. The structures of the bottom-emitting OLEDs used in this study were: The current-voltage-brightness characteristics were measured using a computer controlled source meter (Keithley 2400) and a photometer (IL1400A) with a calibrated silicon photodiode. The EL spectra were measured by using an Instaspec spectrometer. All the measurements were carried out in ambient atmosphere at room temperature. UPS spectra were measured using a He discharge lamp (UV light of 21.2 V) from Thermo Electron Corporation (ESCALAB 250).
The J -V characteristics of the three devices with Au/V 2 O 5 , Au, ITO/V 2 O 5 as OLED anode are plotted in figure 1(a) . The device with the bare Au anode shows poor hole injection, which is consistent with a recent report [16] , and the current density is substantially lower than the other two OLEDs at the same voltage. However, the J -V characteristics of the The reduction in the operation voltage can be explained by a lowered barrier for hole injection from the anode to the highest occupied molecular orbits (HOMO) of the HTL.
In order to clearly demonstrate the hole-injection barriers in the studied OLEDs, the UPS spectra of NPB on Au and Au/V 2 O 5 are shown in figure 2(a) . It can be calculated that the interfacial dipole 1 of −0.1 eV is generated at Au/NPB and the interfacial dipole 1 of 0.1 eV is formed at the Au/V 2 O 5 /NPB interface. The energy diagrams of Au/NPB and Au/V 2 O 5 /NPB constructed from the UPS are displayed in figures 2(b) and (c). The results indicate that although the work function of Au is high, the existence of an interface dipole at the Au-NPB interface results in a large hole-injection barrier h of 0.6 eV, which virtually blocks hole injection [17, 18] . However, the insertion of V 2 O 5 layers reduces the hole-injection barrier h to 0.2 eV. On the other hand, the electronic structure in figure 2(c) suggests that holes can easily transport from Au to NPB with a modification layer of V 2 O 5 . Obviously, the utilization of the V 2 O 5 layers greatly reduces the hole-injection barrier which should be caused by the reduction of operational voltage and the improvement in EL efficiency.
The plots of current efficiency versus the current density of the three OLEDs are shown in figure 1(c) . It can be seen that the maximum current efficiency of Au/V 2 O 5 OLEDs (∼4.1 cd A −1 ) is four times higher than that of Au anode OLEDs (∼0.92 cd A −1 ). As from the UPS results, the existence of V 2 O 5 enhances the hole injection to the HTL and thus increases the amount of excitons at the interface of NPB/Alq 3 . At the same time, the optical transmittance of Au/V 2 O 5 from figure 3 is higher than that of Au with the same thickness, which is another reason for the enhancement figure 1(a) . The efficiency enhancement can be attributed to the carry charge balance [19] . Moreover, although the optical transmittance of Au/V 2 O 5 is about ∼69% in the visible spectrum which is also lower than ITO (80%) as shown from figure 3, the weak microcavity effect can also contribute to the improvement of the efficiency. Figure 4 shows the EL spectra of the OLEDs with the Au/V 2 O 5 and the ITO/V 2 O 5 anodes at various viewing angles. The EL spectrum of the OLED with Au/V 2 O 5 is similar to that of the ITO OLEDs at normal angle with a slightly red shift. When the viewing angle increases, the EL peak of the OLED with Au/V 2 O 5 is blue-shifted and the peak width is slightly narrowed, which is similar to a weak cavity OLED.
In summary, a thin layer of V 2 O 5 on Au has been investigated and the results show that a more efficient hole injection can be obtained by using Au/V 2 O 5 as the anode of OLEDs when the hole injection is significantly blocked for the OLEDs using bare Au as an anode. The enhancement (four times) of current efficiency is attributed to a lower energy level difference between the Au/V 2 O 5 anode and the HTL, and an improved optical transmittance as compared with the OLED with the bare Au anode. In addition, the maximum current efficiency of the Au/V 2 O 5 OLED (∼4 cd A −1 ) is 1.46 times higher compared with that of the OLED with ITO/V 2 O 5 (∼2.8 cd A −1 ) as the anode.
